Rice (Oryza sativa L.) blast, caused by Magnaporthe grisea, is one of the most important fungal diseases of rice, and causes a significant yield loss worldwide. 1 Planting rice cultivars with partial resistance, early sowing and transplanting of seeding in the field, adequate water and nitrogen management, and seed treatment or foliar application of fungicides 2,3 are currently the most effective strategies used to control blast under favorable environmental conditions for disease development. The application of silicon to rice plants to control blast is an alternative approach that is gaining increased interest, especially when rice is grown in soils considered to be low, or limited, in plant-available silicon. 4, 5 Silicon is the second-most abundant element on the surface of the earth, and has been considered important for plant growth and development. Kim et al. 6 recently studied silicon accumulation in rice leaves and its possible contribution to blast resistance using electron microscopy and X-ray microanalysis. According to their results, silicon was deposited in the outer regions of the cell walls of epidermal cells, and was associated with a possible cellular mechanism for the enhanced resistance of rice. Regarding the role of silicon in plant disease resistance, it has been reported to reinforce the physical barrier against the penetration and colonization of pathogens as a result of the accumulation and polymerization of sodium silicate in host cell walls. Such polymerized layers have been hypothesized to physically block penetration by plant pathogenic fungi. 7, 9 To understand the conformations and relative ratios of accumulated silicon, rice plants were grown under a hydroponic culture system with a modified Yoshida's nutrient solution. 10 Rice leaves of silicon-treated plants and control plants at the eight-and twelve-leaf growth stages were analyzed by 29 Si solid-state nuclear magnetic resonance spectroscopy to characterize the silicon-induced cell-wall fortification of rice leaves, which demonstrated the ability to counter a pathogen attack.
Introduction
Rice (Oryza sativa L.) blast, caused by Magnaporthe grisea, is one of the most important fungal diseases of rice, and causes a significant yield loss worldwide. 1 Planting rice cultivars with partial resistance, early sowing and transplanting of seeding in the field, adequate water and nitrogen management, and seed treatment or foliar application of fungicides 2, 3 are currently the most effective strategies used to control blast under favorable environmental conditions for disease development.
The application of silicon to rice plants to control blast is an alternative approach that is gaining increased interest, especially when rice is grown in soils considered to be low, or limited, in plant-available silicon. 4, 5 Silicon is the second-most abundant element on the surface of the earth, and has been considered important for plant growth and development. Kim et al. 6 recently studied silicon accumulation in rice leaves and its possible contribution to blast resistance using electron microscopy and X-ray microanalysis. According to their results, silicon was deposited in the outer regions of the cell walls of epidermal cells, and was associated with a possible cellular mechanism for the enhanced resistance of rice. Regarding the role of silicon in plant disease resistance, it has been reported to reinforce the physical barrier against the penetration and colonization of pathogens as a result of the accumulation and polymerization of sodium silicate in host cell walls. Such polymerized layers have been hypothesized to physically block penetration by plant pathogenic fungi. 7, 9 To understand the conformations and relative ratios of accumulated silicon, rice plants were grown under a hydroponic culture system with a modified Yoshida's nutrient solution. 10 Rice leaves of silicon-treated plants and control plants at the eight-and twelve-leaf growth stages were analyzed by 29 Si solid-state nuclear magnetic resonance spectroscopy to characterize the silicon-induced cell-wall fortification of rice leaves, which demonstrated the ability to counter a pathogen attack.
Experimental

Rice growth under a hydroponic culture system
Four rice cultivars (Jinmi, Suwon 345, Ilpum, and Sumjin) were used in this study. The first two are susceptible cultivars to leaf blast, while the latter two are partially resistant cultivars to leaf blast.
These cultivars were cultivated under a hydroponic culture system, as described previously. 6 Each cultivar was grown under a hydroponic culture system with a nutrient solution containing either 0 or 150 ppm of a sodium silicate solution.
Transmission electron microscopy
Squares of size 1 × 3 mm 2 were excised using scissors from the mid-portion of the youngest, fully extended rice leaves of Jinmi at the 4-leaf growth stage. The specimens were fixed, processed, and examined with a transmission electron microscope (JEM-1010; JEOL Ltd., Tokyo, Japan) operated at an accelerating voltage of 80 kV, as described previously. 6 
Solid-state NMR spectroscopy
Rice leaves were excised using scissors of about the same size as those used for TEM from the mid portion of the youngest, fully extended leaves, and were packed in a 4 mm ZrO2 rotor. NMR measurements were carried out using Bruker Avance DSX-400 spectrometers at a 29 Si NMR frequency of 79.459 MHz and a 1 H NMR frequency of 400.13 MHz. A Bruker double-resonance 4 mm CPMAS probe was used. All of the measurements were taken at room temperature (20 to 24˚C). HPD and CPMAS 11,12 measurements on rice leaves at the sevento eight-leaf growth stage were carried out at MAS frequencies of 5 kHz. The magic angle was set using the 79 Silicon is the second-most abundant element on the surface of the earth, and has been considered important for plant growth and development. As for its role in enhanced plant disease resistance, silicon has been reported to reinforce the physical barrier against the penetration and colonization of pathogens. Rice leaves of silicon-treated plants and control plants at the eight-and twelve-leaf growth stages were analyzed by 29 Si solid-state nuclear magnetic resonance spectroscopy to characterize the silicon-induced, cell wall fortification of rice leaves, which demonstrated an ability to counter a pathogen attack. at a field of 62.5 kHz with a proton radio frequency irradiation field of 80 kHz. CPMAS sequences were used to generate 29 Si magnetization, with a proton rf irradiation field of 80 kHz and a CP contact time of 5 ms. Proton decoupling, with the same rf intensity, was accomplished with continuous-wave decoupling. The total signal averaging times were approximately 60 and 12 h for the HPD 13 and CPMAS 14 experiments, using a recycle delay of 20 s and 4 s, respectively. All of the chemical shifts were referred by setting the DSS (2,2-dimethyl-2-silapentane-5-sulfonate sodium salt) resonance line at 0 ppm.
Results
Transmission electron microscopy
Cross sections of the rice leaves revealed epidermal cells having wart-like protuberances on the cell walls in the control plants and silicon-treated plants (Fig. 1) . The epidermal cell walls of the control plants did not exhibit high electron-dense areas (Fig. 1A) ; however, thick, electron-dense areas were frequently found in the outer region of the epidermal cell walls of the silicon-treated plants (Fig. 1B) . Such layers were not uniformly distributed along the epidermal cell walls. In this study, we used different silicon concentrations and presented micrographs of rice leaves treated with silicon at 150 ppm, instead of 200 ppm as in a previous study. 6 The results were consistent with those of the previous study, showing the characteristic electron-dense silicon layer in the epidermal cell wall.
Solid-state NMR spectroscopy
29 Si solid-state NMR experiments could be used to determine the silicon network structure of various silicon containing the materials listed in Table 1 . 15,16 29 Si solid-state NMR spectra of rice leaves were used to detect silicon in the control plants and in the silicon-treated plants of Suwon345 (Fig. 2) . Figures 2A -D show that there was a difference in the 29 Si solid-state NMR spectra between the silicon-treated plants and the control plants. A sodium silicate solution was absorbed and showed silicon conformations in the silicon-treated rice plants, but not in the control plants.
Silicon was accumulated with various conformations of Q 2 , Q 3 , and Q 4 in Suwon 345 rice leaves. Figure 3 presents the solid-state NMR spectra of Sumjin (A and B), Suwon345 (C and D), Jinmi (E and F), and Ilpum (G and H) cultivars. A, C, E, and G spectra were obtained using CPMAS, and B, D, F, and H using HPD. Silicon conformations differed among the cultivars, showing various conformations of silicon of Q 2 , Q 3 , and Q 4 . The relative amounts of each conformation were calculated after deconvolution of the HPD spectra using Win-nmr from Bruker in Table 2 and Fig. 4 . Sumjin had more Q 4 than the other cultivars, which was consistent with Sumjin's partial resistance to leaf blast. Ilpum showed a percentage of Q 3 that was exceptionally higher than that of other cultivars, indicating a partial resistance to leaf blast 646 ANALYTICAL SCIENCES APRIL 2006, VOL. 22 more than the other cultivars. Table 3 presents the signal-tonoise ratios of high-power decoupling experiments of Fig. 4 . All spectra were obtained with approximately the same amount of rice leaves and signal averaging. The signal range was between 75 and 120 ppm, and the noise ratio was between 0 and 10 ppm. Jinmi showed the highest signal to noise ratio. The amount of silicon uptake was in the order of Jinmi, Sumjin, Suwon345 and Ilpum cultivars. More silicon was uptaken in Jinmi cultivar than in the other cultivars, even though it was more susceptible to rice blast. Future research will study more pathogen-related susceptibility to rice blast along with the growth time.
Discussion
This study demonstrated the difference between silicon-treated rice plants and control plants, based on the results of 29 Si solidstate nuclear magnetic resonance spectroscopy. Accumulated silicon was obtained from a sodium silicate solution. Cultivars with accumulated silicon showed various conformations of Q 2 , Q 3 , and Q 4 by 29 Si solid-state NMR. Therefore, solid-state NMR spectroscopy can be used to study the molecular conformation of accumulated silicon in rice leaves. The relationship between the silicon conformation and the pathogen resistance, along with the pathogen mechanism of rice leaves, will be studied further by scanning probe microscopy (SPM) and solid-state NMR.
